ABSTRACT Spent batteries are an important waste flow regarding the recovery of the contained metals motivated by economic, environmental and strategic reasons. The portable battery market is dominated by primary Zn-Mn cells, but the market of secondary batteries are continuously growing, with particular relevance for Li-ion batteries, used in practically all electronic devices. The batteries are metal concentrates, having metal grades such as 20%-30% of Zn, Mn, Co, Ni, depending on the battery system. These metals are specifically concentrated in the electrodes, which are the most important component of a battery. The most usual chemical forms of these metals in the electrodes are oxides or hydrated oxides, but other solid phases can be found such as metal alloys. The recycling of batteries can be done by pyrometallurgical and hydrometallurgical processes. The first one usually involves the distillation of some more volatile metals, such as Zn in Zn-Mn cells and Cd in Ni-Cd cells. For Ni-MH and Li-ion batteries, some pyrometallurgical approaches involve the melting and recovery of Ni or Co, but with losses of other metals (like lithium and rare earths). The hydrometallurgical alternative allows higher metal recovery rates, as practised industrially for Zn-Mn and Li-ion batteries. Many studies on alternative processes for recycling Li-ion batteries have been intensively carried out due to the special interest on these batteries nowadays and in the future.
INTRODUCTION
Batteries are complex products with a large variety of sizes, shapes and electrochemical systems which causes serious difficulties for predicting and carrying out its valorization. As the content of metals in these devices is generally high, when compared with those in the primary resources, it gives an important economic value for recycling them, besides the benefits like environment and resource conservation. Domestic or portable-type batteries are essentially of the Zn-MnO 2 system and with cylindrical shape, varying from the large size Mono (D) type to the small size Micro (AAA) type [1] . Zinc-manganese batteries are of two types, saline and alkaline, and are both primary cells (not rechargeable). The other main systems are the secondary (rechargeable) batteries of the systems nickel-cadmium (Ni-Cd), nickel-metal hydride (Ni-MH) and lithium-ion (Li-ion). The composition of each battery type is different, but there are also some similarities between them. The knowledge of composition, morphology and other physical and chemical characteristics is an important step to develop and to apply the most convenient recycling process for each battery type, or eventually for groups of batteries. In this paper, the main types, characteristics and recycling approaches for the several battery types are presented and discussed, in order to contribute to the improvement of the recycling of this important waste stream.
BATTERY CHARACTERIZATION

Battery market
Primary batteries of Zn-MnO 2 system (alkaline and saline) are still the most relevant accounting to more than 70% of the market share, the alkaline being clearly predominant (60%). The saline type is now only about 12% and is continuously decreasing. The actual trend is to increase the usage of secondary batteries, mainly the Li-ion systems, and to decrease the primary battery consumption. Li-ion primary batteries constitute 2% of the market. The Ni-Cd system is also declining. Li-ion cells represent 10% of the market and have replaced Ni-Cd and Ni-MH batteries (2% and 7% of the market, respectively) in many applications due to their high energy density, high cell voltage, low auto-discharge rate and long storage life. Therefore, they have been widely used as electrochemical power source in portable equipment, such as mobile devices, laptops and cameras, and later in electric and hybrid vehicles. Other systems represent 7% of the market. Although these data are referred to Portugal, a specific country in Europe, it is expected that the distribution does not substantially change for other European countries. Nowadays, other applications for Li-ion batteries are being addressed, namely as stationary storage of renewable energies [2] [3] [4] [5] . Later applications are no longer classified in domestic/portable class, but in industrial battery class. Nevertheless, the change in the battery market must be taken into account in order to adapt the recycling technologies and needs to the upcoming battery flows.
Main components and general chemical composition of batteries
The distribution of the main components of batteries is presented in Fig. 1 , being the specificity of composition of each type described later.
The electrodes are the core material of the battery, where the active electrochemicals are present. The electrodes are normally pressed as powders in the form of plates, stacks or rolls (Fig.2) . Nowadays, these materials are manufactured with a highly porous structure and a large surface area to provide a low internal resistance and a capability for high performance in properties such as energy/power density.
Some micrographs of battery powders morphology are shown in Fig.3 . Nanoparticles are common to found in recent battery electrodes. Positive and negative electrodes are connected by an ion conductive media (the electrolyte). The active materials are supported in plates (made of steel or Ni plated steel), thin sheets (like Al and Cu foils) or simply compressed with a powder conductor (like graphite or nickel powder) to form a plaque. Besides electrodes and electrolytes, the external cans (casings) are common to all batteries, mostly composed of iron in different steel alloys or in Ni/Sn-plated steel. Table 1 shows the typical elemental composition of spent batteries considering only the main metals for each system. All batteries are highly concentrated in metals, some of them being substantially valuable (e.g. Ni, Co, rare earths). Therefore, besides the environmental concern, economic benefits are expected from treatment of these residues. The main solid phases constituting the electrode materials are also presented in Table 1 . Alkaline and saline (also called zinc-carbon) batteries are the most common portable cells of the Zn-MnO 2 electrochemical system. They are typically the same type of cells, varying essentially in the electrolyte used (potassium hydroxide in the first one and zinc/ammonium chloride in the second one). Although having similar chemistry, the usual assembling of these two batteries is quite different. The anode is metallic zinc, transformed to zinc oxide during its lifetime, and the cathode is MnO 2 , partially transformed to manganese oxides with lower valence during discharge. Concerning the mass balance of materials [6] , the cathode represents about 50% while the anode accounts to close 22%. As can be seen, the electrodes are quite predominant in these cells. Iron components from casings contribute to about 22% and the remaining materials (insulators, electrode separator) are about 6%. Elemental composition shows high grade of Zn and Mn, typically from 20% to 30% each. In spent batteries, zincite (ZnO) is the most probable zinc species, which is readily soluble in acid media. Several manganese oxides are probably found and their reactivity is quite different depending on the oxidation state of manganese. When considering the aqueous dissolution of Mn(IV) oxide, besides the use of an acid the addition of a reductive agent is mandatory to achieve high Mn yields. 
Main solid phases in electrodes 2 , graphite RE = rare earths, manly La, Ce, but also traces of Pr and Nd.
Ni-Cd batteries
The use of Ni-Cd batteries in domestic appliances have been drastically reduced due to environmental concerns regarding the cadmium metal. However, predictions of the overall reduction of cadmium usage in batteries failed, and Ni-Cd cells have still usage in some applications, namely in large-scale (called 'industrial batteries') and also in some cordless tools.
The chemistry of these batteries is based on a Ni(OH) 2 cathode and a Cd(OH) 2 anode, which are the species present in discharge conditions. When charged, Ni(II) is oxidized to NiOOH and Cd(II) reduced to metallic cadmium. The electrodes represent about 49% of the mass balance, equally distributed by cathode and anode, steel is about 40% and the remaining 11% are plastics and other substances. Elemental chemical composition shows high metal grades, typically 20%-30% Ni and 10%-15% Cd [7] . Recycling of Ni-Cd batteries is driven by the environmental control of Cd flows and the concern on Ni recovery.
Ni-MH batteries
This type of battery has gradually substituted Ni-Cd cells in portable appliances. They are based on a similar cathode (NiOOH/Ni(OH) 2 ) but the anode is substantially different, constituted by metal alloys which form an hydride when charged. These metal alloys are based on AB 5 and AB 2 compositions. For the first type, A represents a rare earth and B a transition metal, usually based on the composition LaNi 5 . For the second type, less usual, A is a transition metal with low atomic number and B some transition metals with higher atomic number.
The electrode materials are the main portion of Ni-MH batteries (about 42%), where the cathode is predominant. The steel components constituting the metallic casings and supporting grids contribute to about 23%, essentially made by Ni-plated steel. Plastics, insulators and other materials represent 8% [8] .
Regarding chemical composition, portable Ni-MH battery can contain 22%-32% of Ni, which gives economic interest to this waste stream. The cobalt content cannot be ignored due to its commercial value. The total rare earths grade (until 5%-7%) is also an interesting data that should be considered. Concerning phase composition, there are essentially two types of solid phases in electrode materials: hydroxides, mainly Ni(OH) 2 and the metal alloys, for example La/CeNi 5 . The reactivity of these two main forms is different and should be taken into account in any process development.
Li-ion batteries
Li-ion batteries (LIBs) are the most recent and promising of all cell types. They take advantage of the high electrochemical potential of lithium. Structurally, secondary LIBs are composed of a cathode, an anode, a separator and an organic electrolyte [9] . Usually, the cathode is made from Al foil covered by a fine layer of powdered LiMO 2 , where M represents a transition metal, commonly Co [10] , but recently also Ni and Mn, and their mixtures, for example LiNi 1/3 Co 1/3 Mn 1/3 O 2 [11] , in order to improve the electrochemical performance and safety. The anode consists of a Cu foil, covered by a fine layer of powdered graphitic carbon, for which the lithium ions migrate forming an intercalated structure. Each electrode contains a polymeric agent (PVDF) which holds the active material particles together with the electrolyte, which consists of a Li salt, dissolved in an organic solvent (e.g. dimethyl carbonate and diethyl carbonate). During charge/discharge cycles, Li ions migrate between the anode and the cathode through the electrolyte. In large-scale application, other cathodes were developed for economic and safety reasons, namely the lithium-iron phosphate.
As observed for the other batteries, the electrodes represent the major proportion of the weight of the Li-ion cells, being about 50%. The steel cases contribute to about 29% while plastics to 8%. The remaining weight is essentially distributed by the electrode supporting foils (5% for Al and 8% for Cu).
The main element of a Li-ion portable cell is cobalt (about 5%-20%) which gives a special economic and strategic interest for recycling these wastes. Other constituents are lithium (2%-7%), nickel (5%-10%), organic chemicals (near 15%), depending on the manufacturing process [12] . In spite of being a core element of the battery performance, lithium is economically much less attractive than cobalt. However, when considering the expected boost in Li demand for electric vehicle batteries, lithium will be quickly considered a strategic metal. Then, its recovery from spent batteries should be a major concern. Regarding metals recovery from spent batteries, the reactivity of electrodes is relatively favourable. For example, using acid media in relatively low concentrations will allow substantial dissolution of Li and Co from electrode materials.
PROCESSING OF SPENT BATTERIES
The chemical treatment of batteries can be performed by pyrometallurgy or hydrometallurgy [13, 14] . Pyrometallurgical processes are carried out in smelters which process primary resources. The furnace charge can also include secondary, resources namely batteries, normally in a small amount. So, for some types of batteries, the use of some already existing facilities can be an advantage. However, sometimes this is not possible (such as when there is mercury in the battery composition) but in some cases, a pre-treatment can be eventually done. The processes involve usually a smelting operation producing a metal stream for valorization and a slag for discharging. The hydrometallurgical processes for spent batteries are not so common. They involve a mechanical/physical treatment (shredding, separation of ferrous materials and non-metallic fractions), followed by leaching, usually in acid media, and a series of hydrometallurgical separation operations (precipitation, solvent extraction, electrowinning) to produce the valorized metals or metal compounds. The iron from case components is always a problem in aqueous processing since the dissolved Fe will require the introduction of more purification steps. A detailed discussion of processes for some battery types follows.
Processes for Zn-MnO 2 batteries
Several pyrometallurgical processes were developed and applied to spent Zn-MnO 2 batteries. These processes operate in dedicated plants [15, 16] . An initial step of thermal treatment is normally used where the pyrolysis of plastics occurs, as well as the distillation of mercury, if it is present. The pyrometallurgical process runs with zinc volatilization and condensation as metal or oxide, to be reused. The iron and manganese can be recovered as an alloy or discharged as slag.
Industrial applications of hydrometallurgical processes are also known [17, 18] . Batteries are mechanically treated and the fragments of different materials are separated by means of physical operations. The electrodes constituting the 'black mass' are therefore leached in sulfuric acid media, and zinc and manganese are recovered applying sequential and selective precipitation steps. Solvent extraction for Zn/Mn separation was also proposed and applied for hydrometallurgical treatment of these batteries.
Processes for Ni-Cd batteries
The Ni-Cd batteries were the first cell type to be recycled in dedicated plants, some decades ago. The processes were operated by some battery manufacturers allowing recovery and reuse of recycled cadmium for producing new batteries [19, 20] . The process scheme is more or less similar to that of Zn-MnO 2 batteries, involving a pyrolysis step followed by cadmium distillation (volatilization and condensation) and its recovery in a pure form. Nickel can be slagged or else alloyed with iron to be potentially utilized. No evidence of cobalt recovery is addressed by these processes, although the content of this metal in these cells is not negligible. Hydrometallurgical processes were also developed but not applied to this type of batteries.
Processes for Ni-MH batteries
Pyrometallurgical processing of Ni-MH batteries involves smelting for nickel recovery as a metal phase. Other elements such as the rare earths are lost in the slag. So, these processes are relatively simple and objective, but the loose of important elements cannot be disregarded. The alternative hydrometallurgical approach can give a more efficient recovery of metals, but requires more steps. After mechanical processing, the metals are leached and the rare earths can be precipitated as sulfate double salt or extracted by adequate organic extractants and subsequently stripped and recovered. The residual nickel in solution can also be further recovered by another precipitation operation.
Processes for Li-ion batteries
Processing of Li-ion batteries for separate and recover its valuable components can involve physical and chemical steps, in sequence of eventually combined. Several operations of pretreatment can be applied, such as mechanical process, thermal treatment, mechanochemical process and dissolution process. Mechanical separation processes, such as crushing and grinding, magnetic and electrostatic separation, gravity separation, sieving, pneumatic separation, air separation and flotation, can be used to remove the external casing and release and concentrate the metallic fraction, which will be treated by hydrometallurgy or pyrometallurgy [9] . Hydrometallurgical treatment can involve several operations such as acid or alkaline leaching, bioleaching, solvent extraction, chemical precipitation and electrochemical processes [5] . Concerning industrial application, the pyrometallurgical processes are usually related to Co recovery and can be carried out in integrated smelters where other secondary resources are treated. Cobalt is melted and purified as pure metal while lithium is lost in the slag. The more recent hydrometallurgical industrial approaches allow recovery of cobalt and lithium by means of mechanical processing/deactivation, leaching and purification/precipitation operations [20] . Both approaches have advantages and disadvantages: pyrometallurgy comprises hazardous gases release, dust emission and high energy consumption; in other hand, hydrometallurgy comprises more unit operations, lower energy requirements but wastewater is produced in this case [11, 22] .
New developments for Li-ion batteries
Recently, several studies concerning hydrometallurgical methods using organic acids rather than mineral acids have been developed. Using succinic acid as leaching agent and H 2 O 2 as reductant in optimized conditions allowed leaching about 100% of Co and 96% of Li [23] . Almost complete dissolution of Li and Co from spent LIBs was reached using a mixture of citric acid and ascorbic acid [2] . Citric acid and d-glucose were used as leaching reagent and reductant in the leaching for metal extraction from cathode materials [24] . Leaching of active materials from spent LIBs using citric acid and H 2 O 2 was investigated by Fan et al. [25] . A leaching process of LiCoO 2 using oxalic acid without hydrogen peroxide was study by Zeng et al. [26] and about 98% and 97% of Li and Co recovery were reached, respectively. Other alternative leaching process was studied by Ku et al. [27] from treated cathode active materials, from a commercial LIB pack of hybrid electric vehicle, using ammoniacal agents and it was verified that Co and Cu can be completely leached while Mn and Al are hardly leached and Ni has a moderate leaching efficiency.
A revision of the separation and purification of lithium by solvent extraction and supported liquid membrane was stated by Swain [28] , who considered that research in this field still need to be conducted, given the drawbacks and lack of research on these topics. Alternatively, supercritical fluids were considered for the leaching of cobalt from LIBs by Bertuol et al. [9] , using CO 2, H 2 SO 4 and H 2 O 2 as reagents and a recovery of 96% of Co was achieved by electrowinning. A mechanochemical approach to recover Li and Co from spent LIBs was studied by Wang et al. [29] and in the process lithium cobalt oxide was co-grinded with different additives and 98% of Co and 99% of Li were recovered by water leaching.
Researches concerning the use of bioleaching of spent lithium batteries are scarce [5] , but some studies have recently been reported. Bioleaching of metals from spent LIBs was investigated by Xin et al. [30] and high extractions (more than 95%) of four valuable elements were achieved. Bioleaching of Co from spent LIBs was also studied by Zeng et al. [31] , who achieved a dissolution of about 99% using copper ions as catalyst, enhancing the oxidation rate of LiCoO 2 and the leaching of cobalt. The bioleaching of spent LIBs at different pulp densities was investigated by Niu et al. [32] , who achieved a Li and Co extraction of 89 and 72%, respectively.
According to Ordeñez et al. [5] , most of the researches regarding the recycling of spent LIBs focus on the recovery of metals, given their scarcity and cost, but there are few studies on the recovery of graphite and electrolyte, for example. According to Zeng et al. [33] , most of these researches are still in pilot or laboratory scale and most processes are based on hydrometallurgical chemistry and, more focus is given on recycling and recovery than reuse and dismantling. In this context, some methods to separate materials from LIBs have been recently studied. Spouted bed elutriation was investigated by Bertuol et al. [34] . A physical pre-treatment for the separation of the cathode active materials from the Al foil using N-methyl-2-pyrrolidone as ultrasonic solvent and calcination was tested by Yang et al. [35] . A method of melting the PVDF binder to separate the Al foil and cathode material from spent LIBs was investigated by Zeng et al. [36] .
Several studies concerning the development of novel and alternative electrode materials have also been performed. Manganese-based layer-structured materials, such as [22, 35] . These new developments, as it was mentioned before, aim to improve the safety and performance characteristic of LIBs but can lead to new challenges for recycling, given the potential complexity of the waste stream.
CONCLUSION
The composition, characterization and processing of spent batteries are presented and discussed. The market of portable batteries is composed of primary and secondary cells, from which the primary Zn-Mn cells are predominant (about 70%), the remaining being essentially the secondary cells of the systems Ni-Cd, Ni-MH and Li-ion. Li-ion batteries have nowadays a substantial growing due to their application in portable electronic devices. The high grade of metals in battery composition (like Co, Ni, Li, Zn, Mn, rare earths), some of them valuable and critical, confers to these an economic and even strategic interest. Several recycling processes for recovering the metals from the spent batteries have been developed and applied. Due to their special interest, new studies and developments for the recycling of Li-ion batteries have been extensively performed in order to increase the recovery yields of the contained metals.
